Objectives: This study aimed to clarify the roles of Acid-sensing ion channel 3 (ASIC3) in orofacial pain following experimental tooth movement. Materials and methods: Sixty male Sprague-Dawley rats were divided into the experimental group (40 g, n = 30) and the sham group (0 g, n = 30). Closed coil springs were ligated between maxillary incisor and molars to achieve experimental tooth movement. Rat grimace scale (RGS) scores were assessed at 0, 1, 3, 5, 7, and 14 days after the placement of the springs. ASIC3 immunostaining was performed and the expression levels of ASIC3 were measured through integrated optical density/area in Image-Pro Plus 6.0. Moreover, 18 rats were divided into APETx2 group (n = 6), amiloride group (n = 6), and vehicle group (n = 6), and RGS scores were obtained compared among them to verify the roles of ASIC3 in orofacial pain following tooth movement. Results: ASIC3 expression levels became significantly higher in the experimental group than in sham group on 1, 3, and 5 days and became similar on 7 and 14 days. Pain levels (RGS scores) increased in both groups and were significantly higher in the experimental group on 1, 3, 5, and 7 days and were similar on 14 days. Periodontal ASIC3 expression levels were correlated with orofacial pain levels following experimental tooth movement. Periodontal administrations of ASIC3 antagonists (APETx2 and amiloride) could alleviate pain. Limitation: This study needs to be better evidenced by RNA interference of ASIC3 in periodontal tissues in rats following experimental tooth movement. Moreover, we hope further studies would concentrate on the pain perception of ASIC3 knockout (ASIC3 −/− ) mice. Conclusions: Our results suggest that periodontal ASIC3 plays an important role in orofacial pain induced by experimental tooth movement.
Introduction nerve terminals (3, 4) and are involved in pain sensation and mechanotransduction (2, 5, 6) . They are sensitive to local H + and could transduce the sensation of local acidosis (7, 8) . To date, mammals have been revealed to have at least seven ASIC isoforms: ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3, ASIC4, and ASIC5 (5) . Among them, ASIC3 has been detected in trigeminal ganglia and periodontal tissues (9) (10) (11) , where they are proposed to participate in the sensation and modulation of nociceptive and mechanosensory signals (12) . Moreover, ASIC3 has been revealed to participate in the modulation of orofacial pain (13) .
Orthodontic pain, frequently observed in daily clinical practice (14) (15) (16) , is per se a type of orofacial inflammation related to orthodontic tooth movement (17, 18) . A large body of evidence shows that tooth movement could elicit a local inflammation in periodontal tissues (19) . It has been well documented that tissue inflammations are accompanied by tissue acidosis and an increase in H + concentrations (20) , which in turn would activate ASICs (21) . Likewise, orthodontic pain, an inflammation in nature, is proposed to activate ASICs. As mentioned above, ASIC3 has been found in trigeminal ganglia and periodontal tissues (10, 22, 23) . Moreover, it has been revealed that H + could stimulate the ASIC3-dependent release of nociceptive mediators from trigeminal neurons and that downregulation of ASIC3 could inhibit inflammatory pain (24, 25) . Thus, these findings suggest a potential role of ASIC3 in orofacial pain following tooth movement. However, to date, the specific roles of ASIC3 in toothmovement-induced orofacial pain are still largely unknown. Thus, in this study, we hypothesized that ASIC3 participates in the modulation of orofacial pain and we aimed to explore the roles of ASIC3 in orofacial pain following experimental tooth movement.
Methods

Animals
Male Sprague-Dawley rats (2 months old; 250-300 g) were used in this experiment. They were housed in a temperature-controlled room at 25 ± 2°C with a 12/12 day-night cycle and provided with standard rat chow and water ad libitum. The animals were provided by Animal Experimental Center, Sichuan University. This study was approved by the Ethical Committee of State Key Laboratory of Oral Diseases, West China Hospital of Stomatology, Sichuan University and also met the standards described in the European Convention. In total, 78 rats were used in this study.
Among them, 60 rats were randomly divided into experimental group (n = 30) and sham group (n = 30). The rats in both the aforementioned groups were used for immunostaining. An orthodontic appliance consisting of a 5 mm nickel-titanium closed coil spring was ligated between the upper right first molars and upper incisors to mimic orthodontic forces. Forces were measured precisely through a forcemeter (40 g for the experimental group; 0 g for the sham group). These 60 rats were then sacrificed through general anaesthesia and subsequent cervical dislocation at 0, 1, 3, 5, 7, and 14 days (five rats for each group at each time). The rats sacrificed on 14 days in both groups were assessed for orofacial pain on 0, 1, 3, 5, 7, and 14 days. Meanwhile, the amounts of upper right molar mesial movement were measured with thickness gauge on 1, 3, 5, 7, and 14 days. In particular, in both groups, rats sacrificed at 0 day did not receive any intervention and were employed as the baseline control for each group.
Moreover, the remaining 18 rats were randomly divided into APETx2 group (n = 6), amiloride group (n = 6), and vehicle group (n = 6) to verify the role of ASIC3 in orofacial pain induced by tooth movement. All these rats received force applications (40 g) through closed coil springs as mentioned above. On each day, 2 hours prior to spring mounting (0 day) or pain assessment (on other days), they were injected with Anthopleuraelegantissima (APETx2) solution (2 × 10 −5 mol/l, Alomone labs), amiloride solution (0.1 mol/l, Merck Millipore), or normal saline, respectively. Specifically, injections were performed at both the labial (or buccal) sides and palatal sides of incisors and molars, and the dosage was 5 µl for each side of each tooth.
Tooth movement
Impressions were obtained after general anaesthesia of rats using alginate impression material (Heraeus, Germany). The amounts of mesial movement of first molars were obtained through measuring the thicknesses of the impression materials between upper first molars and second molars. The thicknesses were measured using thickness gauge (precision: 0.01 mm; Chuanlu Measuring tools Co. Ltd, Shanghai, China) on 1, 3, 5, 7, and 14 days following experimental tooth movement.
Immunostaining
Upper jaws containing teeth were obtained and fixed in 10 per cent formalin solutions for 24 hours. Then, they were decalcified in ethylenediaminetetraacetate solutions for 3 months. Afterwards, these decalcified hard tissues were embedded in paraffin and cut at a thickness of 10 µm in the sagittal direction. Following antigen retrival through microwave oven-citrate buffer, the prepared sections were deparaffinized and rinsed with phosphate-buffered saline. Then, they were blocked with goat serum and incubated with antibody against ASIC3 (1:100; Abcam). These sections were then incubated with EnVision™ (K500711; DAKO, Carpinteria, California, USA) at 37°C for 45 minutes, developed with 3,3′-diaminobenzidine, counterstained with haematoxylin, and mounted on coverslips. The visualization of immunepositive tissues was performed through a light microscope (Model Bx51; Olympus, Tokyo, Japan). Specifically, positivity was defined as yellow-brown-stained ligaments for periodontal tissues. For each rat, integrated optical density (IOD)/area was measured in each of five randomly consecutive fields (400) in each of three slides through Image-Pro Plus 6.0. For each field, areas of interest (periodontal tissues) were selected for the measurement of IOD and area. Moreover, each IOD/area value was calculated by subtracting background IOD/area value from the directly measured IOD/area value. Then, the mean value of these 15 fields was used as the expression level of ASIC3 for that rat.
Pain assessment through rat grimace scale
Orofacial pain levels were assessed through rat grimace scale (RGS) and the protocols for the evaluation of pain through RGS were described in detail by Sotocinal et al. (26) and Liao et al. (27) . Briefly, rats were placed into a glass cubicle (20 × 10.5 × 9 cm 3 ) and videotaped for 30 minutes for each session. Then, for each rat, 10 images of facial expressions were extracted and used for RGS scoring. Videotaping was conducted between 9:00 pm and 12:00 pm in a room with background noise less than 45 dB. RGS scoring was performed according to the facial changes in eye, nose, ear, and whisker. The RGS scoring was conducted by two well-trained investigators independently (kappa = 0.92 > 0.80). Baseline RGS scores were determined for each rat before any intervention and RGS scores were assessed at each time point (i.e. 0, 1, 3, 5, 7, and 14 days) prior to sacrifice. Then, RGS difference scores were obtained by subtracting baseline RGS scores from RGS scores at different time points.
The RGS difference scores (simply designated as RGS scores thereafter) were regarded as the surrogate pain levels for each rat.
Statistical analysis
For each group at each time point, the normality of data distributions (both ASIC3 expression levels and orofacial pain levels) was verified by both Kolmogorov-Smirnov test and Shapiro-Wilk test (all P > 0.10). Thus, parametric analysis was used in this study. Oneway analysis of variance (Tukey post hoc test) was employed to analyse the differences of ASIC3 expression levels among different time points in each group. Pearson's correlation test was used to examine the correlations between ASIC3 expression levels and pain levels as assessed through RGS scores. Furthermore, Student's t-test was employed to compare the differences of ASIC3 expression levels and RGS scores between groups at each time point. P values less than 0.05 were considered to be statistically significant. All the statistical analyses were performed in SPSS 16.0 (SPSS, Chicago, Illinois, USA).
Results
The amount of tooth movement
As displayed in Figures 1 and 2 , following experimental tooth movement, the upper right molars moved mesially (Figures 1 and  2 ). Specifically, as compared to the baseline level, the upper right molar moved mesially on 1 day (0.35 ± 0.08; P = 0.166) and 3 days (0.4 ± 0.19; P = 0.125) and gradually became significant on 5 days (0.52 ± 0.14; P = 0.023 < 0.05), 7 days (0.74 ± 0.12; P = 0.001 < 0.05), and 14 days (0.70 ± 0.11; P = 0.004 < 0.05).
Expressions of ASIC3 in periodontal tissues
As presented in Figure 3 , ASIC3 was basally expressed both in the compression side and the tension side of the periodontal tissues while increased its expressions following experimental tooth movement, as indicated by the intensity of immunostaining. Specifically, in the experimental group (Figure 4) , as compared to the baseline level (0.24 ± 0.03), the expression levels of ASIC3 started to increase on 1 day (0.35 ± 0.04; P = 0.002 < 0.05), peaked on 3 days (0.46 ± 0.06; P < 0.001), kept at the increased level on 5 days (0.36 ± 0.04; P < 0.001), and returned to the baseline level on 7 days (0.20 ± 0.03; P = 0.746 > 0.05) and 14 days (0.21 ± 0.03; P = 0.817 > 0.05). In contrast, in the sham group (Figure 4) , the expression levels of ASIC3 were similar with the baseline level following sham experimental tooth movement (all P > 0.05).
Moreover, as shown in Figure 4 , in periodontal tissues, the expression levels of ASIC3 did not differ between two groups at baseline (0.24 ± 0.03 versus 0.21 ± 0.04; P = 0.296 > 0.05). Then, ASIC3 expression levels became significantly higher in the experimental group than in sham group on 1 day (0. 
Orofacial pain induced by tooth movement
The RGS scores, regarded as the surrogate pain levels for each rat, were coded by images captured from videotapes ( Figure 5 ). As compared to baseline levels (RGS = 0), pain levels increased consistently in both experimental and sham groups following experimental tooth movement ( Figure 6 , all P < 0.05). In addition, pain levels were significantly higher in the experimental group than in the sham group on 1 day (0.422 ± 0.075 versus 0.191 ± 0.042; P < 0.001), 3 days (0.584 ± 0.080 versus 0.289 ± 0.056; P < 0.001), 5 days (0.405 ± 0.094 versus 0.256 ± 0.023; P = 0.01 < 0.05), and 7 days (0.258 ± 0.074 versus 0.121 ± 0.048; P = 0.009 < 0.05) and became similar between the two groups on 14 days (0.034 ± 0.044 versus 0.036 ± 0.042; P = 0.942 > 0.05; Figure 6 ).
Correlation between periodontal ASIC3 expressions and pain levels
Pearson's correlation test showed that the chronological changes of ASIC3 expression levels in periodontal tissues were borderline nonsignificantly correlated with those of RGS scores following experimental tooth movement (r = 0.751, P = 0.085). 
The effects of ASIC3 antagonist on pain levels
As displayed in Figure 7 , the RGS scores differed significantly among three groups (APETx2, amiloride, and vehicle groups) on 1, 3, and 5 days (all P < 0.001) but became similar among them on 7 days (P = 0.24 > 0.05) and 14 days (P = 0.61 > 0.05).
Specifically, we found that the RGS scores were significantly lower in the APETx2 group than the vehicle group on 1 day (0.42 ± 0.06 versus 0.54 ± 0.06; P < 0.001), 3 days (0.39 ± 0.03 versus 0.59 ± 0.03; P < 0.001), and 5 days (0.33 ± 0.03 versus 0.43 ± 0.05; P < 0.001) and became similar on 7 days (0.29 ± 0.03 versus 0.26 ± 0.04; P = 0.28 > 0.05) and 14 days (0.21 ± 0.03 versus 0.20 ± 0.03; P = 0.70 > 0.05). Moreover, the comparisons between the amiloride group and the vehicle group were similar with those between the APETx2 group and the vehicle group (Figure 7 ).
Discussion
Our results revealed that our rat model of experimental tooth movement was valid and effective (Figures 1 and 2) .We found that the expression levels of ASIC3 were elevated in periodontal tissues following experimental tooth movement at 1, 3, and 5 days. Experimental tooth movement could induce orofacial pain in rats and the pain levels increased on 1, 3, 5, and 7 days. Moreover, the orofacial pain following tooth movement would be alleviated by ASIC3 inhibitors (APETx2 and amiloride). In our study, the intraoral spring appliances applied to the rats were designed to produce a continuous horizontal force and caused a mesial movement of the teeth (Figures 1 and 2) , which was used in many previous studies (28) (29) (30) . Although inserting elastics between molars was employed to produce experimental tooth movement, elastics were gradually substituted by intraoral springs due to force decay of elastics (31) . Thus, we suggest that our rat model of experimental tooth movement was valid and effective.
Periodontal tissues, dense connective tissues between the tooth and alveolar bone, contain abundant sensory receptors (22, 32) . Being a potent H + sensor, ASIC3 has been shown to be expressed in periodontal tissues (22) , suggesting an important role of ASIC3 for pain sensation in the condition of periodontal acidosis (26) .
Orofacial pain following tooth movement arises as a direct consequence of tissue inflammations and acidosis caused by tooth movement (33) . Once forces are exerted on a tooth, the tooth would start to move in the direction of the force, and consequently the blood vessels would be squeezed and ischemia would follow. The resulting tissue ischemia would result in acidosis and a decrease in pH values (34, 35) , which would in turn activate ASIC3. Our results showed that ASIC3 expression levels were elevated in periodontal tissues on 1, 3, and 5 days following experimental tooth movement. However, the mechanisms underlying the increase in ASIC3 have been largely unknown. Given that the expression of ASIC2a was elevated following ischemia (36), we suggest the increase of ASIC3 expressions in periodontal tissues following tooth movement may be caused by periodontal ischemia. Thus, periodontal ischemia caused by tooth movement would on one hand elevate ASIC3 expressions and on the other hand induce periodontal acidosis. The resulting periodontal acidosis would in turn activate ASIC3 and incite painful sensations (Figure 8 ). Moreover, a plenty of evidence has revealed that ASIC3 was upregulated in sensory neurons following local painful conditions (13, 37, 38) . Thus, given ASIC3 was expressed in both trigeminal neurons and periodontal nerve terminals (9, 11, 39) , we suggest that the upregulated ASIC3 in periodontal tissues was originated from trigeminal neurons. However, this proposal should be evidenced in future studies. Ironically, we found that, following experimental tooth movement, the expression of ASIC3 was elevated in both the compression and tension sides (Figure 3 ). Since ASIC3 was expressed on nerve terminals and originated from trigeminal neurons, we attribute this to that nerve terminals on both the compression and tension sides came from a common trigeminal neuron.
Following tooth movement, orofacial pain levels were increased steadily in the experimental group, which was consistent with those reported earlier (40) . Several studies have revealed that local acidic microenvironment could depolarize sensory terminals and activate sensory neurons in an ASIC3-dependent manner (41) (42) (43) , which could produce a ASIC-like current in sensory neurons and cause subsequent painful sensations (42) . Likewise, in our study, given that experimental tooth movement could induce a local acidic microenvironment in periodontal tissues, we suggest that periodontal ASIC3 could produce painful sensations through activating trigeminal sensory neurons under acidic conditions following experimental tooth movement in rats. Moreover, it has been shown that ASIC3 current was potentiated by pro-inflammatory mediators such as serotonin, bradykinin, and arachidonic acid (44, 45) , suggesting a contribution of ASIC3 to the sensitization of nociceptors (44) . Given that pro-inflammatory mediators were upregulated in experimental tooth movement (17), we suggest that periodontal ASIC3 could potentiate painful sensations through sensitizing nociceptors.
Interestingly, we found that the orofacial pain levels were also elevated in the sham group, which is consistent with Long et al. (19, 27) . Since no force was exerted, orofacial pain levels should not be elevated in the sham group. Given that intraoral springs would elicit discomforts in rats (19, 27) , we suggest the elevation of orofacial pain levels in the sham group would be attributed to the discomforts induced by the bulky intraoral springs.
Amiloride, a diuretic agent known to block Na + /H + , Na + /Ca 2+ exchangers, and ENaC (46, 47) is a non-specific blocker for ASICs (48) . It reversibly inhibits the ASIC currents with an IC 50 = 63 µm (49) by a direct blockage of the channel (50) . We found that periodontal administration of amiloride would alleviate orofacial pain following experimental tooth movement in rats. However, due to the non-selectivity, we could not verify the roles of ASIC3 in orofacial pain induced by tooth movement. Fortunately, we used a specific ASIC3 antagonist-APETx2-to explore the potential roles of ASIC3. APETx2 is a 42 amino acid peptide toxin isolated from sea anemone Anthopleuraelegantissima (51) . It is a potent and selective inhibitor for homomeric ASIC3 and ASIC3-containing channels (50) . APETx2 reversibly inhibited the ASIC3 peak current with an IC 50 = 63 nm, without any change in its unitary conductance. The results showed that periodontal administration of APETx2 would also alleviate orofacial pain induced by tooth movement, which is in line with other studies where administration of APETx2 could alleviate local pain (52, 53) . Thus, these findings based on both non-specific and specific antagonists of ASIC3 further validate the nociceptive role of ASIC3 in orofacial pain induced by experimental tooth movement in rats.
Conclusion
Taken together, we found that ASIC3 expression levels and orofacial pain levels were elevated following experimental tooth movement in rats. Moreover, our results showed that ASIC3 antagonists would alleviate orofacial pain levels caused by tooth movement. Therefore, we suggest that periodontal ASIC3 participate in orofacial pain induced by experimental tooth movement in rats.
